Mitochondria of Eukaryotes are derived from an alpha proteobacterial endosymbiont [1, 2] , but in the course of evolution their genomes were drastically reduced and acquired many unique characteristics that distinguish them from their eubacterial relatives. With the exception of the primitive mitochondria of jakobid pro tists that still encode a multisubunit eubacterial type RNA polymerase in the organellar genome [3, 4] , tran scription and replication of the mitochondrial DNA is assured by specific single subunit enzymes related to the proteins of the T odd bacteriophages and encoded in the nuclear genome [5] .
BIOCHEMISTRY (Moscow) Vol. 81 No. 10 2016 Mitochondrial transcription by mtRNAP is coupled to respiratory activity by a simple ATP sensing kinetic mechanism [23] , while RNA degradation and transla tional regulation provide regulatory mechanisms neces sary to fine tune the expression of particular genes [21, 24 26] . Additionally, mtRNAP primes mitochondrial DNA replication [27] and is thus essential for maintain ing the functional ([rho + ]) mtDNA. Structural studies of the human mitochondrial RNA polymerase (POLRMT), which is orthologous to Rpo41p, revealed that it consists of three distinct domains: the C terminal catalytic domain (CTD) that exhibits the typical polymerase right hand fold, the N terminal domain (NTD) resembling the promoter bind ing domain of the T7 RNA polymerase, and an N termi nal extension (NTE) that includes a domain containing PPR (pentatricopeptide) motifs [28 30] . The catalytic domain is highly conserved between the phage poly merase and the mitochondrial RNA polymerases from diverse eukaryotes. The N terminal domain is more divergent, but a structural similarity among orthologous mtRNAP sequences and the phage protein is still appar ent [29] . In the human protein, this region has been implicated in transcription initiation through interactions with the promoter and the two transcription factors [28] . In the yeast Rpo41 protein, this region also appears to be involved in promoter recognition and in interactions with the sole transcription factor (Mtf1p) [31, 32] .
The first ∼400 amino acids (a.a.) at the amino termi nus of mtRNAP form the NTE that has no counterpart in the bacteriophage RNA polymerase [33] and is generally not conserved between orthologous sequences, although weak similarity in this region can be detected in ascomycetous fungi [34] . In the human mtRNAP, this extension is joined to the NTD by α helical domain con taining two PPR motifs [29] . Whereas no significant sequence similarity can be found between the NTE of human POLRMT and yeast Rpo41p, application of an algorithm fine tuned for detection of yeast pentatri copeptide proteins indicated that up to five putative PPR motifs can be found in the N terminal part of Rpo41p [35] .
Proteins containing the PPR motifs are a large fam ily of RNA binding factors that can be found in all eukaryotes [36 42] . They are particularly abundant in plants, where they constitute the most numerous paralo gous families containing hundreds of sequences per genome [38, 42] . The vast majority of known PPR pro teins are involved in various posttranscriptional mecha nisms of organellar gene expression (reviewed in [36, 37, 39, 40] ). They have been extensively studied in both model yeast systems -S. cerevisiae [39] and S. pombe [43] , where they play significant roles in maintaining and regulating the expression of mitochondrial genes.
Typical PPR proteins contain multiple tandem repeats of a 35 a.a. motif forming two parallel α helices, resulting in a solenoid superhelical structure of the entire protein [37, 39, 42] . Most are composed solely of the PPR repeats, while some (found mostly in plants) contain additional C terminal domains conferring enzymatic activities [37, 40] . The mitochondrial RNA polymerase is thus not a typical PPR protein, as it contains only 2 5 PPR motifs that constitute only a minor portion of the entire sequence.
The role of the unconserved N terminal extension of the mitochondrial RNA polymerases, including the PPR motifs found therein, is not entirely clear. In the human POLRMT protein, the PPR domain interacts with the promoter recognition loop of the NTD domain and is essential for transcription initiation [29] . It also interacts with the upstream N terminal extension that binds the transcription factor TFAM [28] . In yeast, deletions of the N terminal extension of Rpo41p result in a respiratory deficiency connected with a loss of mitochondrial DNA stability that is, however, not caused by a major transcrip tional defect [33] . Remarkably, while a complete or near complete (472 or 373 a.a., respectively) NTE deletion resulted in an unconditional defect, deleting as many as 185 a.a. gave only a conditional (temperature sensitive) phenotype [33] . Subsequent studies suggested that this domain couples transcription to RNA processing and translation through interactions with the Nam1 and Sls1 proteins [34, 44, 45] . Deletion of the first 270 a.a. of the Rpo41p NTE domain does not affect the catalytic activi ty of the polymerase in vitro, in fact enhancing the pro ductive/abortive ratio of RNA synthesis, whereas a 380 a.a. deletion decreases initiation from duplex, but not pre melted promoters [46] .
These results suggest that the function of the N ter minal extension domain of the yeast mitochondrial RNA polymerase is separate from the polymerase activity, but it can be related to the coordination of transcription with the subsequent steps of gene expression. However, avail able data do not indicate whether the putative PPR motifs found in this domain are involved in its function. We therefore decided to investigate their role by constructing a series of small deletions involving only the PPR motif sequences and assessing the activity of the resultant Rpo41 variants in vivo.
MATERIALS AND METHODS
Media and genetic techniques. Complete (YP) media supplemented with 2% glucose (YPD), 2% glycerol (YPG), or 2% glycerol and 0.1% glucose (YPDG), as well as synthetic complete (SC) media, were prepared as described in our recent work [47] . Standard yeast genetic methods were as described previously [48, 49] . Yeasts were transformed using the LiAc/PEG/ssDNA protocol [50] .
Plasmids and construction of deletants. Plasmids pJJ1148 and pJJ1149 [51] contained the RPO41 gene cloned in the YCplac33 (ARS CEN, URA3) and YCplac111 (ARS CEN, LEU2) vectors, respectively. Plasmid pJJ1149 (YCplac111:RPO41) was used as the starting point for deletion mutagenesis. The PCR mediated Site directed, Ligase Independent Mutagenesis (SLIM) protocol [52] was used do delete segments encoding respective PPR motifs. With this method, two pairs of primers, termed R T , F T and R S , F S , are used for each deletion (primers are named according to the description in [52] ).
To delete the first PPR motif (PPR1, a.a. from 47 to 82), nucleotides 139 to 446 of the RPO41 ORF (open reading frame) were deleted using primers dPPR1F T (5′ ATCTGAAGACCCCCTTGTATGGAAAAATCCTT CAGAATTAGAG), dPPR1R T (5′ TACAAGGGGGTC TTCAGATATTAATATTGTACTTGTTGAGTCCG), dPPR1F S (5′ TGGAAAAATCCTTCAGAATTAGAG), and dPPR1R S (ATTAATATTGTACTTGTTGAGTC CG), to yield vector YCplac111:RPO41ΔPPR1.
To delete the second PPR motif (PPR2, a.a. from 112 to 146), nucleotides 334 to 438 of the RPO41 ORF were deleted using primers dPPR2F T (5′ GACAAGAAC TAGAGACGTTTTTATCGAGGATTATAACATGTAC), dPPR2R T (5′ AACGTCTCTAGTTCTTGTCATCGAG GTTACTGCTGAGGCATG), dPPR2F S (5′ TTTATC GAGGATTATAACATGTAC), and dPPR2R S (5′ ATC GAGGTTACTGCTGAGGCATG), to yield vector YCplac111:RPO41ΔPPR2.
To delete the third PPR motif (PPR3, a.a. from 291 to 325), nucleotides 871 to 975 of the RPO41 ORF were deleted using primers dPPR3F T (5′ CAAAGTGGAA GCTGAGAACTCAAAAGACGCTGAAAAGCT TATAG), dPPR3R T (5′ GTTCTCAGCTTCCACTTTG TTCAAACCCTCCTCATTTTC), dPPR3F S (5′ TCA AAAGACGCTGAAAAGCTTATAG), and dPPR3R S (5′ TTCAAACCCTCCTCATTTTC), to yield vector YCplac111:RPO41ΔPPR3.
Numbering starts with the first amino acid (M1) and the first nucleotide (A1) of the protein and the ORF, respectively.
All the constructs were verified by Sanger sequencing performed in the Laboratory of DNA Sequencing and Oligonucleotide Synthesis, Institute of Biochemistry and Biophysics, Polish Academy of Science.
Yeast strains. The rpo41::KanMX4 cassette amplified from the DNA of the EUROSCARF Y15657 strain (MATα; ura3Δ0; leu2Δ0; his3Δ1; lys2Δ0; YFL036w::kanMX4) with primers YFL036w_A (5′ TCTCCGTGAAGATATTG GTAAAAAG) and YFL036w_D (5′ ACAAAATTGTG CACTTGTCATTAGA) was used to transform strain W303 1B [53] Respiratory growth assay. Portions of 10 μl from 10 -1 , 10 -2 , 10 -3 , and 10 -4 dilutions of each strain (OD 600 = 1) were spotted on YPD and YPG plates and incubated at 30°C (normal temperature) or 37°C (elevat ed temperature) for three days.
Assays of mtDNA stability. Stability of the mito chondrial genome was assessed by assaying the frequency of petite colony generation using the tetrazolium overlay method [57] as described previously [47] . Confirmation that the petite phenotype was due to mtDNA defects was obtained by crossing to the D273 10B/51 tester strain.
Mitochondrial RNA preparation and Northern blots. RNA was isolated from mitochondrial preparations enriched by differential centrifugation as described previ ously [58] . A Total RNA Mini kit (A&A Biotechnology, Poland) was used in the RNA purification step. RNA was electrophoresed in 1% agarose formaldehyde gel and BIOCHEMISTRY (Moscow) Vol. 81 No. 10 2016 blotted onto nylon membrane (Nytran N; GE Healthcare, England) as described previously [59] . Methylene blue staining of blots was used to normalize loading. Oligonucleotide and dsDNA probes were labeled with 32 P as described previously [60] . Results were visual ized using a Typhoon FLA 9000 laser imaging system (GE Healthcare).
The following probes were used: for COX1, plasmid pYGT21 containing exon sequences [61] ; for COX2, plas mid pJM2 [62] ; for COB, oligonucleotide 5′ CATGGCAT GCTCCAATTTGTCCTAATAATACGAAATTGAAA; for ATP6/8, plasmid pBZ6 (B. Zapisek) -ATP6 ORF cloned into pGEM® T Easy (Promega, USA); for ATP9, PCR product (325 bp) amplified using primers Atp9F (5′ TATG CAATTAGTATTAGCAGC) and Atp9R (5′ GAATGT TATTAATTTAATCAAATGAG).
RESULTS

Construction of deletions of PPR motifs in the N ter minal extension domain of Rpo41p.
Unlike in human POLRMT [29] , PPR motifs in the yeast Rpo41 sequence are not readily detected by profile matching tools. However, using yeast specific profiles and orthologous alignments from different yeast genomes [35] , five diver gent PPR motifs can be identified in S. cerevisiae Rpo41p (Fig. 1) . Three of them, named PPR1, PPR2, and PPR3 here, are located within the unconserved N terminal extension domain. The fourth motif lies at the boundary of the N terminal extension and the conserved N termi nal domain, and the fifth is close to the beginning of the C terminal conserved catalytic domain. As the N termi nal extension is functionally independent from the bacte riophage like RNA polymerase activity confined to the conserved regions of the protein, we decided to investi gate the function of the three PPR motifs located therein by generating deletions encompassing each of these motifs.
To obtain variants bearing deletions of the first three PPR motifs, sequences encoding 35 a.a. (beginning at the first amino acid of each motif, as shown in Fig. 1) were deleted from the RPO41 ORF in pJJ1149 (see "Materials and Methods" for details of plasmid and strain construc tion) using the PCR mediated Site directed Ligase Independent Mutagenesis (SLIM) protocol [52] , yielding the YCplac111:RPO41dPPR1, YCplac111:RPO41dPPR2, and YCplac111:RPO41dPPR3 vectors.
As deletion of RPO41 results in complete and irre versible loss of mtDNA [63] , heterozygous diploid strains were used as a starting point. To test the possible involve ment of the PPR motifs in Rpo41 in intronic RNA pro cessing, strains with two variants of the mitochondrial genome were used -one containing 13 introns (CW04), and one devoid of all introns (CW252). Wild type RPO41 was introduced into the heterozygous strains by transfor mation with the pJJ1148 vector. The resulting transfor mants were subsequently sporulated, and haploid strains DRPO41 and DRPO41int carrying the deletion of the RPO41 in the genomic DNA, with the pJJ1148 plasmid providing the functional wild type allele, and a [rho + ] mitochondrial genome containing 13 introns, or devoid of all introns, respectively, were selected. DRPO41 and DRPO41int strains were subsequently transformed with the ARS CEN, LEU2 vectors encoding the PPR deletion variants of the Rpo41 protein (YCplac111:RPO41dPPR1, YCplac111:RPO41dPPR2, and YCplac111:RPO41dPPR3). The pJJ1148 vector encoding the wild type Rpo41p was then removed by counter selection on 5 FOA plates [55] , resulting in strains where the deletion variants were the only Rpo41 proteins in the cell. These strains were named dPPR1int, dPPR2int, and dPPR3int (strains with the intronless mtDNA) and dPPR1, dPPR2, and dPPR3 (strains with intron containing mtDNA).
Effect of PPR motif deletions on respiratory growth of the yeast. Respiratory capacity of the strains carrying the deletion variants of the Rpo41p RNA polymerase was verified by testing their growth on a non fermentable car bon source (glycerol) at normal (30°C) and elevated (37°C) temperature (Fig. 2) . Deletions of the first and third PPR motifs had no observable effect on respiratory growth of the relevant strains at either temperature. Only in the dPPR2 and dPPR2int strains, bearing a deletion of the second PPR motif, a moderate respiratory defect could be observed. This strain still grows on glycerol, but [35] . Numbers indicate amino acid positions for the three named PPR motifs that were studied here; the posi tion of the first amino acid is shown. the resultant colonies are visibly smaller (an effect observ able also on glucose), suggesting a hypomorphic petite phenotype, similar to the defect observed in deletants missing the first 90 a.a. of Rpo41p [34] . This phenotype was more apparent at the elevated temperature, but even then, it did not amount to a complete loss of respiratory growth.
As no difference between the intron containing and intronless mtDNA could be observed in any of the dele tants, subsequent experiments were performed using only the intron containing strains.
Effect of PPR motif deletions on the stability of the mitochondrial genome. Deletions of large segments of the N terminal extension result in a loss of mitochondrial genome stability [33] manifesting itself in a complete loss [rho 0 ] or extensive deletions [rho − ] of mtDNA. These so called cytoplasmic petite colonies arise also in wild type yeast cultures, albeit at a low rate of about 1 5%. We measured the petite frequencies in dPPR1, dPPR2, and dPPR3 mutants (Fig. 3) using the tetrazolium test [57] and by crossing to a [rho 0 ] tester strain. The dPPR1int and dPPR3int deletants show a moderate but significant (p < 0.01) increase in petite generation (17 18%) that is apparent at both 30 and 37°C. Interestingly, the effect is slightly more pronounced at 30°C. The dPPR2 deletant also shows a similar increase in petite generation at 30°C (∼22%), but a much stronger (up to ∼50%) effect at 37°C, which is consistent with a visible respiratory growth impairment at this temperature (Fig. 2) . In the wild type strain there is no statistically significant difference in mtDNA stability in cells grown at the normal and elevat ed temperature (2.6 and 2.9%).
Effect of PPR motif deletions on steady state levels of mitochondrial transcripts.
Mutations in the N terminal extension domain of Rpo41p can affect steady state lev els of specific mitochondrial RNAs [34, 45] . To deter mine whether deletions of PPR motifs could also specifi cally influence mitochondrial transcripts, we performed a Fig. 2 . Respiratory growth of S. cerevisiae strains bearing the wild type (W303) or deletant variants of RPO1. Strains dPPR1, dPPR2, and dPPR3 bear deletions of the first, second, and third PPR motif, respectively. Suffix "int" indicates strains with the intronless mitochondrial DNA. Fermentative growth was tested on YPD (YP with 2% glucose) plates at the normal (30°C) and elevated (37°C) temperature. Respiratory growth was tested on YPG (YP with 2% glycerol) plates at the normal (30°C) and elevated (37°C) temperature. Serial dilutions of appropriate cultures were spotted on plates as described in "Materials and Methods". Only the dPPR2 and dPPR2int strains show slower res piratory growth, particularly at 37°C. Frequencies of petite mutants in strains carrying the wild type RPO41 or alleles expressing variants with PPR motif deletions grown at the normal (30°C) and elevated (37°C) temperature were measured as described in "Materials and Methods". All three deletants show significantly (p < 0.01) increased frequencies of petite cells relative to the wild type. Differences between dPPR cultures grown at 30 and 37°C are also significant (p < 0.01), while the elevated temperature does not significantly affect mtDNA stability of the strain carrying the wild type RPO41 gene. series of Northern blots in deletant strains. Mitochondrial RNA from the wild type and the dPPR1, dPPR2, and dPPR3 strains grown at 30°C was hybridized to probes recognizing some of the mitochondrially encoded mRNAs: COX1 and COX2 encoding subunits of the cytochrome oxidase complex (Complex IV), COB encod ing the apocytochrome b (Complex III), and ATP9 and ATP6 8 encoding subunits of the ATP synthase (Complex V).
The results (Fig. 4) show a moderate decrease in the levels of mature mRNAs encoding subunits of Complex IV, with each deletant following a different pattern. Deletion of the first motif (dPPR1) results in a marked decrease (to about 40% of wild type) of COX2 mRNA, with the remain ing mRNAs mostly unaffected. Deletion of the second motif (dPPR2) does not show a clear effect on any mRNA. Deletion of the third motif (dPPR3) results in a visible decrease (to about 44% of wild type level) of COX1. The mRNAs encoding apocytochrome b (COB) and the sub units of the ATP synthase (ATP6/8 and ATP9) were not sig nificantly affected in any of the deletants. Such a moderate change in the mature mRNA levels is likely to have little effect on respiratory growth, as yeast mutants with as little as 10% of wild type mature mitochondrial transcript were found to be respiratory competent [25, 64] . The results are therefore consistent with the respiratory function assays that show mostly unaffected respiratory growth at normal temperature (30°C).
DISCUSSION
Of the five divergent PPR motifs that can be found in the sequence of the yeast mitochondrial RNA poly merase, three are located in the N terminal extension (NTE) domain. Unlike the downstream N terminal domain and the C terminal domain, this region of the protein shows no homology to the T7 bacteriophage RNA polymerase, and it is not conserved in evolution, with some regions of similarity shared only with other fungi Fig. 4 . Northern blot analysis of mitochondrial mRNAs in S. cerevisiae strains bearing the wild type (W303) or deletant variants of RPO1. Mitochondrial RNA preparations from each strain, grown at 30°C, were separated in 1% agarose formaldehyde gel, blotted onto nylon mem brane, and hybridized to appropriate probes as described in "Materials and Methods". With the exception of COX1 in dPPR3 and COX2 in dPPR1, all the mRNA levels are either unchanged or slightly increased relative to wild type. Blots were stained with methylene blue to nor malize the amount of mitochondrial RNA preparations in each lane using rRNA bands ("loading").
[34]. Other organellar RNA polymerases, like the human POLRMT [29] , also have an N terminal extension, but no sequence conservation can be detected. This domain is not essential for the main catalytic activity of the protein, and even large deletions therein result only in a tempera ture sensitive respiratory deficiency phenotype [33] .
The results obtained in this study are consistent with these previous findings. Deletion of any of the three PPR motifs located in the NTE domain does not affect respi ratory growth at the normal temperature, and only dele tion of the second motif (a.a. from 112 to 146) gives a par tial respiratory deficiency at the elevated temperature. All three PPR motif deletions result in a decreased mito chondrial DNA stability, but not in a complete loss of functional mtDNA. By way of comparison, deletion of up to 212 a.a. in the NTE domain results in a complete res piratory deficiency at the elevated temperature with con comitant mtDNA destabilization [34] . The phenotype observed for the PPR motif deletions in this study is therefore a milder, partial form of the deficiency observed for the NTE deletion. In fact, a single amino acid substi tution (R129D) has a more pronounced effect on the function of the protein compared to the PPR motif dele tions [34] . It can thus be concluded that these motifs do not play a particularly significant role in the functioning of this domain.
The observed phenotypes, together with previously reported data obtained using large deletions in the N ter minal extension in vivo [33, 44, 45] and in vitro [46] , also support the conclusion that this region of the protein is not involved in the main enzymatic activity. Deletions of PPR motifs studied here, as well as other mutations and deletions in the NTE region [44, 45] , affect the steady state levels of some mitochondrial mRNAs (mainly COX1 or COX2), while other transcripts remain unaffected. This suggests that the function of this region concerns RNA stability and translation rather than general transcription, and it is likely regulatory.
These observations are consistent with a model sug gesting that the N terminal extension of the mitochondr ial RNA polymerase is involved in coupling transcription with RNA processing and translation. This function is probably achieved through interactions with two known accessory proteins: Nam1 and Sls1 [34, 44, 45] . Sls1p interacts with the N terminal part of Rpo41p, anchoring the RNA polymerase and the nascent transcript to the inner membrane complexes that include translational activators [44] . Nam1p is a putative RNA chaperone [65, 66] that interacts with Sls1p, NTE domain of Rpo41p, and the nascent RNA [44] . The PPR motifs appear to participate in these interactions as their deletion results in a decrease of mtDNA stability, changes in mitochondrial mRNA levels, and (in the case of the second motif), par tial temperature sensitive phenotype. However, they are not essential, as the change in phenotype is relatively mild compared to the larger N terminal extension deletions.
In typical PPR proteins, the pentatricopeptide motifs form RNA binding surfaces and usually act as intermediates in interactions between organellar tran scripts and other proteins [37 42 ]. However, typical RNA binding PPR proteins are composed of multiple adjacent repeats, whereas in Rpo41p the motifs are few and dispersed. It is currently not clear whether they par ticipate in RNA binding, or even whether the entire N terminal extension interacts directly with RNA. Crystallographic studies of the human mitochondrial RNA polymerase revealed that the two PPR motifs, found at the boundary of the N terminal extension and the conserved N terminal domain, do not interact with RNA, but they participate in intramolecular interactions between different domains of the protein [29] . In yeast Rpo41p, the fourth and fifth motif, also located near domain boundaries (see Fig. 1 ), could arguably play a similar role, although without crystallographic data it remains only a speculation. It is also conceivable that the three PPR motifs in the NTE domain that were the sub ject of the present study also participate in interactions with accessory proteins, consistent with the postulated function of the entire domain. The PPR motif shares evo lutionary and structural relationship with other α α repeat sequences, like TPR (tetratricopeptide), SEL1, and HAT motifs forming solenoid folds [42, 67, 68] , many of which participate in protein-protein interac tions.
Despite functional differences between the PPR motifs in the mitochondrial RNA polymerase and typical PPR proteins, they share a similar broad evolutionary role. The mitochondrial RNA polymerase is a descendant of the bacteriophage RNAP [5] , which is a standalone enzyme that does not depend on any additional factors. To integrate the phage enzyme into the more complex organellar genetic system, interactions with accessory regulatory proteins had to evolve. The N terminal exten sion of mtRNAP, which has no homology to the bacterio phage polymerase, arose to allow such interactions and coordinate the transcriptional activity with organellar RNA processing and translation. Similarly, nuclear encoded PPR proteins evolved in the Eukaryotic host to provide activities necessary to maintain and regulate organellar gene expression, replacing prokaryotic mecha nisms that were lost in the course of the evolution of the endosymbiont. Both the NTE domain of the mitochon drial RNA polymerase and the PPR proteins in general are thus examples of evolutionary adaptations in domes ticating the endosymbiont, allowing integrating it with the host system. Such adaptations often involve helical repeat sequences as their modularity imparts great evolu tionary plasticity. Indeed, the N terminal extension sequences of mitochondrial RNA polymerases, as well as the entire PPR protein family, show rapid divergent evo lution that adapts them to the quickly changing evolu tionary dynamics of the nucleo/organellar interaction.
